Small noncoding RNAs (sncRNAs) are crucial regulatory molecules in organisms and 21 are well known not only for their roles in the control of diverse essential biological 22 processes but also for their value in genetic modification. However, to date, in 23 gram-positive anaerobic solventogenic clostridia (which are a group of important 24 industrial bacteria with exceptional substrate and product diversity), sncRNAs remain 25 minimally explored, leading to a lack of detailed understanding regarding these 26 important molecules and their use as targets for genetic improvement. Here, we 27 performed large-scale phenotypic screens of a transposon-mediated mutant library of 28 Clostridium acetobutylicum, a typical solventogenic clostridial species, and 29 discovered a novel sncRNA (sr8384) that functions as a determinant positive regulator 30 of growth and solvent synthesis. Comparative transcriptomic data combined with 31 genetic and biochemical analyses revealed that sr8384 acts as a pleiotropic regulator 32
INTRODUCTION
Historically, the application of solventogenic clostridia in the large-scale production 56 of the bulk chemicals acetone, n-butanol and ethanol, a process called ABE 9 the Cac-2384m mutant can be recovered by the independent expression of the 143 upstream noncoding sequence (P 2384 ) of CAC2384. In other words, there may be some 144 crucial DNA elements in the upstream region of CAC2384, although it is unclear why 145 the insertional disruption of CAC2384 influenced this non-coding region. 146 Next, a detailed functional analysis of the P 2384 sequence was performed to explore 147 the above hypothesis. The whole sequence (202 nt) of P 2384 was gradually truncated, 148 yielding 10 truncated fragments, i.e., P 2384 minus 10, 20, 30, 40, 50, 60, 100, 120, 140 149 or 150 nt. These DNA fragments were integrated into the expression plasmid and then 150 introduced into the Cac-2384m mutant for genetic complementation analysis ( Figure   151 S3A). The results showed that all the truncated fragments retained complementation 152 functions except the shortest fragment (with a 150-bp deletion) ( Figure S3B ), thus 153 suggesting that the potential DNA element suggested above is located within the 62-nt 154 P 2384-140 sequence. Given the very low chance that this short 62-nt sequence encodes a 155 functional protein, we reasoned that it may encode a small RNA (sRNA). 156 To explore this possibility, the following experiments were performed in sequence: 10 the primer P-2 to initiate the PCR reaction ( Figure S4B ), indicating that the native 165 transcriptional direction of the P 2384-140 sequence. On this basis, the RACE experiment 166 was carried out. The result further revealed a 94-nt transcript, which is located 167 between the CAC2383 and CAC2384 genes and partially overlaps with the ORF of 168 CAC2383 ( Figure 3A) . Given that this 94-nt short transcript has a stable and typical 169 secondary structure ( Figure 3B ), no Shine-Dalgarno (SD) sequence, and start and stop 170 codons, it was very likely as sncRNA. On this basis, Northern blotting using a 171 single-stranded oligonucleotide probe targeting this 94-nt transcript was performed to 172 further confirm the existence of this sncRNA. The whole DNA fragment covering the 173 ORF of CAC2383 and CAC2384 as well as their intergenic region was 174 PCR-amplified and then integrated it into a replicative plasmid for expression ( Figure   175 3C), aiming to enrich the in vivo level of the potential sRNA. Encouragingly, after the 176 resulting plasmid (psRNA) and a control plasmid (pControl) were transferred into C. 177 acetobutylicum for Northern blot analysis, a desired approximate 94-nt hybridization 178 signal was detected from the strain containing the plasmid psRNA, while no signal 179 found from the control ( Figure 3C ).
180
In summary, the above results suggest the presence of a 94-nt sncRNA-coding 181 sequence in the intergenic region between CAC2383 and CAC2384. Notably, this 182 sncRNA, named sr8384 here, is not present in the list of sRNAs that were previously 183 identified in Clostridium organisms via computational analysis (13), indicating that 184 sr8384 has some novel genetic features. Having discovered the sr8384, it remained unknown whether this sncRNA is a 189 crucial molecule in C. acetobutylicum. Therefore, the sr8384 transcript was disrupted 190 for phenotypic examination using small regulatory RNA-based gene knockdown 191 technology (18, 19) . As shown in Figure 4A , a vector containing a 24-nt 192 target-binding (TB) sequence that targets the middle region of sr8384 was constructed 193 and introduced into the wild-type C. acetobutylicum strain, yielding the mutant strain 194 824(8384r). The mutant strain 824(8384r) exhibited a greater than 50% decrease in 195 sr8384 transcript levels compared to the levels in the 824c strain ( Figure 4C ), 196 demonstrating effective in vivo knockdown of the sr8384 transcript. Subsequently, in 197 a batch fermentation, compared to the control strain 824c (containing the same 198 plasmid lacking the 24-nt target-binding sequence), the 824(8384r) strain exhibited 199 greatly impaired growth and synthesis of all the three major solvents (acetone, butanol 200 and ethanol) ( Figure 4B ), in which the impact on butanol is especially significant 201 (10.59 g/L vs. 14.54 g/L). These data suggest that sr8384 plays a crucial role in C. 202 acetobutylicum. 203 Since sr8384 plays an essential role in C. acetobutylicum, a derived question is 204 whether enhancement of the in vivo levels of this sncRNA could promote the cellular 205 performance of C. acetobutylicum. Therefore, we constructed an expression vector in 206 which the coding sequence of sr8384 was overexpressed under the control of a strong 207 constitutive promoter, namely, P thl . The plasmid was then introduced into the 208 12 wild-type C. acetobutylicum, yielding the strain CAC-smR. Encouragingly, the strain 209 CAC-smR exhibited a greatly enhanced growth rate, biomass and production of the Figure 4D ), we used a comparative transcriptomics approach to 217 search for genes affected by sr8384. The RNA samples for microarray assays were 218 isolated from the sr8384-overexpressing strain CAC-smR and the control strain at two 219 time points, namely, 23 h and 42 h, reflecting acidogenic and solventogenic stages, 220 respectively ( Figure 4D ). The results showed that 679 and 380 genes exhibited S6), indicating that the microarray data was of high quality.
231
Of note, five genes known to significantly influence the production of solvents in C. 232 acetobutylicum, including a AbrB-coding gene, two histidine kinase-coding genes and 233 two essential genes in the sol operon (4) were found to be significantly upregulated 234 after sr8384 overexpression according to the microarray data ( Figure S7A ), although 235 the results of RNA hybridization analysis showed no binding activity between sr8384 236 and the transcripts of these five genes ( Figure S7B ). Therefore, it can be concluded 237 that sr8384 indirectly activates the expression of these crucial genes, which may 238 contribute to the solvent production in C. acetobutylicum. 239 Our next challenge was to identify direct targets controlled by sr8384. To this end, 240 we first used the online tool IntaRNA (20) to predict putative target sequences based 241 on their potential interaction energy with sr8384. The top 100 sequences (with 242 interaction energies ≤ -18.3083 kcal/mol) within the predicted results were chosen for 243 further investigation. The genes associated with these 100 sequences (located in the 244 promoter or coding region) that exhibited ≥ 2-fold transcriptional changes (microarray 245 assay) after sr8384 overexpression were selected, resulting in 26 candidates as well as 246 their associated genes being used for further detailed investigations ( Figure 5A ). As 247 shown in Table S3 , most of these 26 target sequences spanned both the promoter and 248 coding regions of their corresponding genes. Next, these 26 candidates were used for 249 RNA hybridization analysis to examine whether these genes interact with sr8384. The 250 results showed that, of the 26 candidates, 15 exhibited distinct binding activity with 251 sr8384 ( Figure 5B ), whereas no obvious binding was observed for the remaining 252 14 candidates. Among these 15 sequences of direct targets of sr8384, nine were 253 associated with genes with annotated functions (Table S3 ).
254
To explore whether the genes associated with these 15 sr8384 target sequences 255 contributed to the phenotypic changes of the CAC-smR strain, we conducted 256 knockdown or overexpression of these genes (11 knockdown strains and 4 257 overexpressing strains) ( Figure 6 ), according to the transcriptional alterations of these 258 genes after sr8384 overexpression ( Figure 5A ), yielding a total of 15 mutant strains.
259
Here, the knockdown of the 11 genes was performed by using the same method 260 mentioned above (18, 19) , in which a 24-nt sequence targeting each gene was 261 expressed ( Figure 6A ). By this method, the transcriptional levels of the 11 genes were 262 decreased to different extents ( Figure 6B ), and the resulting mutants were used for 263 phenotypic examination. Only 6 of the 11 genes, namely, CAC1218, CAC2157, 264 CAC2221, CAC1485, CAC1571 and CAC1133, caused increased or decreased 265 synthesis of the solvents after their knockdown ( Figure 6C and S8A). Notably, 266 knockdown of CAC1571 significantly impaired solvent production ( Figure 6C ).
267
CAC1571 is annotated to encode glutathione peroxidase, an enzyme known to protect 268 organisms from oxidative damage (21). Thus, repression of the expression of this gene 269 may damage the basic tolerance of C. acetobutylicum to oxygen stress during 270 anaerobic fermentation.
271
Upon overexpression of the other four genes, namely, CAC2470, CAC3157, 272 CAC3318 and CAC0365, increased or accelerated solvents formation was observed 273 for the first three strains (pCAC2470, pCAC3157 and pCAC3318), while a clear lag 274 15 in solvent synthesis was observed for the final strain (pCAC0365) ( Figure 6D and 275 S8B). The CAC0365 gene is predicted to encode a phosphoglycerate dehydrogenase, 276 an enzyme that catalyzes the synthesis of serine from 3-phosphoglycerate (22). Thus, 277 as shown in Figure S9 , overexpression of CAC0365 could decrease the metabolic flux 278 from 3-phosphoglycerate to pyruvate, the precursor for solvent synthesis, thereby 279 impairing solvent production in C. acetobutylicum. 280 Because separate overexpression of CAC2470, CAC3157 or CAC3318 all led to 281 increased solvent production in C. acetobutylicum, we asked whether the combined 282 overexpression of these functional genes would have a synergistic effect. To this end, 283 we coexpressed these three genes under the control of the constitutive promoter P thl .
284
As shown in Figure 6E and S8C, the engineered strain pCAC3157-3318-2470 further 285 exhibited slightly increased growth and solvent production compared to the strain 286 pCAC3157 (the one with highest solvent titer among the three separate 287 overexpressing strains as shown in Figure 6D ). This finding confirms the above 288 hypothesis and, moreover, indicates that a combined modulation of the sr8384 targets 289 may further improve the cellular performance of C. acetobutylicum.. According to the microarray data, we observed that the CAC2385 gene, which is 294 located downstream of the sr8384 sequence (453 nt apart) in the chromosome, showed 295 a nearly 3-fold upregulation (at 23 h) after sr8384 overexpression (Table S1) , 296 16 suggesting a potential regulatory effect of sr8384 on CAC2385. However, RNA 297 hybridization analysis showed no direct interaction between sr8384 and the transcript 298 of CAC2385 or its upstream noncoding region ( Figure 7A ). Therefore, the altered 299 CAC2385 expression after sr8384 overexpression (Table S1) control strain (CACp), i.e., a much higher growth rate and increased productivity of 309 the three major products ( Figure 7B ). This finding suggests that the CAC2385 gene 310 constitutes an important element in the sr8384 regulatory network.
311
Based on the significantly enhanced solvent production after CAC2385 312 overexpression, we specifically examined the transcriptional changes associated with 313 all the essential genes in solvent synthetic pathways ( Figure 7C ) using qRT-PCR. The 314 results showed that the adhE1 gene (CAP0162); two major alcohol 315 dehydrogenase-coding genes, namely, adhE2 (CAP0035) and edh (CAP0059); and the 316 acetone synthetic pathway gene adc (CAP0165) were all greatly upregulated (4.78, 317 3.03, 3.08 and 8.08-fold increase, respectively) ( Figure 7D ). Actually, the expression 318 level of adhE1 can represent that of the sol operon, which is a cotranscribed gene 319 cluster (CAP0162-0163-0164). The greatly enhanced expression of these essential 320 genes responsible for solventogenesis may partly explain the significantly increased 321 ability of the strain CACp2385 in the production of acetone, ethanol and butanol.
322
However, no binding activity was detected between the CAC2385 protein and 323 intergenic regions upstream of the abovementioned genes (CAP0162, CAP0035, 324 CAP0059 and CAP0165) according to the EMSA results ( Figure 7E ), indicating that 325 the influence of CAC2385 to these targets is also indirect. To further explore the role of sr8384 in genetic improvement based on the above 330 result ( Figure 4D ), we used three promoters (P 200-1 , P thl and P 1200-9-15 ) (24) with 331 gradually increasing activities for sr8384 overexpression ( Figure 8A ) to determine 332 whether this sncRNA has a dosage-dependent effect on cellular performance. As 333 expected, the resulting three strains exhibited improved growth rate and solvent titer 334 and productivity to different extents compared to the control strain ( Figure 8B) ; 335 however, surprisingly, the best effect was seen with the weakest promoter, namely, 336 P 200-1 , rather than the other two stronger promoters ( Figure 8B) , reflecting that the in 337 vivo sr8384 level is associated with the cellular performance of C. acetobutylicum. 338 To date, numerous sRNAs have been found to be conserved in several genera (25).
339
Thus, we sought to find sr8384 homologs in other clostridial genome sequences 340 18 available in NCBI. BlastN analysis showed that no putative sr8384 homologs were 341 present in any other Clostridium species except two C. acetobutylicum strains 342 (EA2018 and DSM1731) ( Figure 8C ). Interestingly, when we scanned the genome of 343 C. beijerinckii NCIMB 8052, another major solventogenic Clostridium species, a 344 potential homologous sequence that shares high identity (54.1%) with the sr8384 345 sequence was found in the intergenic region between the Cbei1789 and Cbei1788 346 genes (which are two conserved orthologs in C. beijerinckii, corresponding to 347 CAC2383 and CAC2385 in C. acetobutylicum, respectively) ( Figure 8C ). Here, this 348 sequence was named sr8889. Next, we investigated whether sr8889 was also Clostridium species. In this study, we discovered the atypical sncRNA sr8384 and its 368 utility in the control of growth and solvent synthesis in C. acetobutylicum, a model 369 organism for clostridia. To the best of our knowledge, such a determinant sncRNA 370 with a crucial regulatory role in clostridia has not been previously reported.
371
To date, only an extremely limited number of sncRNAs have been shown to be 372 associated with certain functions in clostridia (10-12). The sncRNA sr8384 identified 373 here is a global rather than specific regulatory molecule in C. acetobutylicum. Given 374 that sr8384 was not predicted or detected in the previous screenings for sRNAs in 375 clostridia based on comparative genomics and RNA-seq (13, 30, 31), this sncRNA is 376 likely atypical in sequence or is very poorly expressed in C. acetobutylicum. 377 Moreover, sr8384 exhibited a dose-dependent effect in the regulation of phenotypes of 378 C. acetobutylicum, i.e., negative and positive phenotypic changes were observed upon 379 repression and overexpression, respectively, of this sncRNA ( Figure 4B and D) , thus 380 indicating that sr8384 has potential application as a target for strain improvement. Figure 6C and D) . Among the 10 sr8384 targets involved in the 385 effect on solvent production ( Figure 6C and D) , CAC1571 exhibited the most 386 negative changes when repressed ( Figure 6C ). As mentioned above, CAC1571 387 encodes a putative glutathione peroxidase. This enzyme is essential in organisms and 388 is capable of protecting cells from oxidative damage (21, 32). In C. acetobutylicum, in 389 addition to CAC1571, two other genes (CAC1570 and CAC1549) were also predicted 390 to encode glutathione peroxidase (33). All three of these genes have been found to be 391 rapidly upregulated in response to O 2 flushing (21), indicating the importance of these 392 genes in the scavenging of reactive oxygen species (ROS) in the anaerobic C. 393 acetobutylicum. Therefore, the phenotypic changes caused by the repression of 394 CAC1571 further reinforce the above hypothesis. 395 Notably, among the 11 sr8384 targets that were chosen for phenotypic investigation 396 using small regulatory RNA interference ( Figure 6A ), some were not greatly knocked 397 down at the transcript level ( Figure 6B ). For example, the transcriptional levels of 398 CAC0602, CAC1163 and CAC2617 were downregulated by only less than 30%. The 399 insufficient repression of these genes may not truly reveal their effects on cellular 400 phenotypes, and detailed investigations remain to be performed.
401
As mentioned above, the sol operon is crucial for acid (acetic and butyric acids) 402 assimilation and ABE solvent formation in C. acetobutylicum. Significant 403 upregulation (6.57-fold) of the sol genes was also observed after sr8384 404 overexpression (Table S1 ). Therefore, upregulation of the sol genes definitely 405 contributes to the enhancement in solvent production derived from sr8384 406 21 overexpression.
407
In addition, we observed that the transcriptional levels of CAC3319 and CAC0323, 408 two orphan histidine kinase-coding genes, increased 2.16-and 2.24-fold, respectively, 409 after sr8384 overexpression (Table S1 ). These two genes are known to be responsible 410 for the phosphorylation of Spo0A. This protein is a well-known global regulator 411 involved in the control of multiple physiological and metabolic processes and is 412 simultaneously capable of improving solvent production by activating several key 413 genes (the sol operon, adc, bdhA and bdhB) in C. acetobutylicum (34, 35) . Therefore, 414 we believe that regulation of the CAC3319 and CAC0323 genes by sr8384 constitutes 415 an important part of the entire regulatory network of this sncRNA.
416
It should be noted that, in addition to the above-identified targets, sr8384 might 417 regulate other genes. Here, although the comparative transcriptomic data for the 418 sr8384-overexpressing strain in combination with the application of the online tool 419 IntaRNA has proven useful for the prediction of sncRNA targets in C. acetobutylicum, 420 it cannot be ruled out that some additional targets may have been missed. For example, 421 the expression of some targets might change only when sr8384 is absent, rather than 422 overexpressed, or some targets might not be expressed in the presence of D-glucose 423 due to the CCR (carbon catabolite repression) effect. Therefore, for a comprehensive 424 understanding of the global regulatory function of sr8384, microarray analyses based 425 on sr8384 deletion or using other major carbon sources are necessary.
426
In summary, our data here identify sr8384 as a pleiotropic regulator in C. The primers used in this study are listed in Table S4 . The strains and plasmids used 463 in this work are listed in Table S5 . Top10 cells were used for gene cloning. The 464 plasmids were first methylated by E. coli ER2275 and then electroporated into C. 465 acetobutylicum. 466 The CAC2384 gene was disrupted using the group II intron-based Targetron system.
467
In brief, a 350-bp DNA fragment was amplified by PCR with the following primers: 
485
For overexpression of sr8384 and sr8889 in C. acetobutylicum and C. beijerinckii, 486 respectively, the sr8384 and sr8889 sequences were amplified by PCR, digested with 487 SalI and BamHI, and then ligated with the plasmid pP thl that had been digested with 488 the same restriction enzymes, yielding the plasmids pIMP1-P thl -sr8384 and 489 pIMP1-P thl -sr8889, respectively.
490
The plasmid used for small regulatory RNA-based knockdown of sr8384 was 491 constructed according to a previously reported method (18, 19) . In brief, the fragment 
